Its potency in skin reaction was, respectively, two-and threefold that of the BCG purified protein derivative. The two types of sensitization used for skin test reactions promoted significant immunoglobulin G antibody production against the protein antigen P64 in guinea pigs 7 weeks after sensitization.
Great efforts have been made in recent years to purify protein antigens from either mycobacterial cell extracts or culture filtrates (5, 7, 18, 24, 33) . Isolated and wellcharacterized antigens are of use as species-specific immunologically active antigens for diagnostic purposes (6) and in the follow-up of the immunological response accompanying the pathological events of mycobacterial infections.
The complex nature and the chemical diversity which characterize the antigens of pathogenic mycobacteria have, however, limited the obtention of pure specific and standardizable protein antigens by the classical methods of purification from culture filtrates and cellular extracts (7, 15, 30) .
Molecular cloning and expression of mycobacterial DNA in a suitable host vector system could be another interesting approach to obtaining mycobacterial protein antigens (3, 31, 34) .
The filtrates of Mycobacterium bovis BCG cultures grown in zinc-deficient conditions for 14 days appear to be a good source of protein antigens (10) . The samples are enriched in different constituents, among which is a class of proteins precipitable at pH 4.5, hardly detectable in normal culture filtrates. This pH 4.5-precipitable fraction of the deficient culture filtrate is able to reveal efficiently a delayed hypersensitivity reaction in sensitized animals (8) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) of these proteins revealed large amounts of a 64,000-molecular-weight protein (10) . * Corresponding author.
The present work describes the purification of this protein (P64) from zinc-deficient BCG culture filtrate 14 days old. Its molecular weight was determined in different conditions. Some biochemical characteristics, its cellular origin, its antigenic identification, and its ability to promote humoral antibodies or to reveal a delayed hypersensitivity reaction were studied.
MATERIALS AND METHODS
Culture of bacteria. Mycobacterium bovis BCG 1173P2 (Pasteur Institute, Paris, France) was grown as a pellicle on Sauton medium at 37.5°C for 14 days. Because the medium was prepared with distilled water (specific resistivity, 106 Q x cm), zinc sulfate was added to a final concentration of 5 ,uM (normal Sauton medium), previously determined (10) to achieve normal growth conditions. When zinc-deficient medium was needed, zinc sulfate was omitted.
Filtrates from zinc-deficient cultures. The culture medium was clarified by decantation. The remaining organisms were removed by filtration through a Millipak 100 filter unit (Millipore Corp., Bedford, Mass.). When used for purification, the filtrate was made 20 mM in phosphate, 450 mM in NaCl, and 1 mM in EDTA, and the pH was brought to 7.3 with 5 M HCl before sterile filtration.
Protein analysis by SDS-PAGE. SDS-PAGE was done on 13% (wt/vol) acrylamide gels as described by Laemmli (21) . The gels were stained with Coomassie brilliant blue R-250, and for quantitative analysis, they were scanned at 595 nm with a DU8 Beckman spectrophotometer (Beckman Instruments, Inc., Fullerton, Calif.).
Purification of P64. Except for hydrophobic chromatography on phenyl-Sepharose, all buffers were added with Tween 80 (0.005% final concentration) adjusted to pH 7.3 and sterilized. All purification steps were performed at 4°C. Elutions were followed by recording the A280. The fractions containing proteins were analyzed by SDS-PAGE.
The treated filtrate from a 4-liter culture, usually containing 125 to 150 mg of protein per liter as determined with the Coomassie blue reagent (see below), was applied at a flow rate of 800 ml/h to a column (5 by 10 cm) of phenylSepharose CL-4B (Pharmacia, Uppsala, Sweden) which was previously equilibrated with 20 mM phosphate buffer (PB) containing 450 nM NaCl and 1 mM EDTA. The gel was washed with a one-column volume of the same buffer to remove unfixed material and then washed successively with 800 ml of 20 and 4 mM PB. The P64 appeared in the fraction eluted with 4 mM PB.
After the phosphate concentration of this fraction was brought to 20 mM, it was applied to a column (5 by 5 cm) of DEAE-Sephacel (Pharmacia) which was equilibrated with 20 mM PB. After being washed with the equilibrating buffer, the sample was eluted with a linear 20 to 120 mM phosphate gradient at a flow rate of 150 ml/h. The fractions eluted between 70 and 80 mM phosphate, giving one band in SDS-PAGE; the fractions were pooled and concentrated in a Amicon 202 stirred cell equipped with a PM 10 membrane (Amicon Corp., Lexington, Mass.).
The concentrated material was subjected to molecular sieving at a flow rate of 12 ml/h on a Sephadex G-200 (Pharmacia) column (2.6 by 45 cm) equilibrated with 50 mM PB.
A stability control was performed by incubating a sample of the pure preparation for 2 h at 37°C; this preparation was then analyzed by SDS-PAGE before being sterilized by filtration, distributed in aliquots, and kept at -80°C. 12 ,ug of proteins was analyzed by SDS-PAGE. After Coomassie brilliant blue staining for photography, the gel was treated with En3Hance (New England Nuclear Corp., Boston, Mass.) before being dried and applied on a Kodak X-Omat R film which was developed after 5 weeks.
BCG cellular extracts. The bacilli grown for 7 days (for cellular localization of P64) or 14 days (for BCG soluble extract) on normal Sauton medium were passed through a French press as previously described (9) .
For the SDS-PAGE analysis of the soluble fraction of cellular extract (BCG soluble extract), the pressate was clarified by centrifugation at 10,000 x g for 30 min and the supernatant was further centrifuged at 100,000 x g for 90 min.
For the cellular localization of P64, the 1:3 diluted crude extract was centrifuged at 5,000 x g for 15 min to eliminate unbroken cells. The absence of bacteria in the supernatant was checked by Ziehl-Neelsen staining. The supernatant was centrifuged at 100,000 x g for 90 min; the supernatant and pellet were designated S1 and P1, respectively. The pellet was suspended, carefully homogenized, and centrifuged again at 100,000 x g for 90 min, resulting in supernatant S2 and pellet P2. The latter pellet was further solubilized by two successive SDS treatments (0.1 and 1%, respectively) at 100°C for 5 min and centrifuged at 100,000 x g for 90 min, giving the supernatants S3 and S4. Each (Fig. 1) . Although the P64 pooled from the DEAE-Sephacel column showed only one band in SDS-PAGE, the molecular sieving on Sephadex G-200 revealed two peaks. The higher-molecular-weight peak did not react with Coomassie brilliant blue reagent for proteins but absorbed at 280 nm. The P64 eluted as a single protein peak from Sephadex G-200.
The final amount of pure P64 recovered represented about 1.5% of the total proteins involved in the purification.
Molecular weight determination. By SDS-PAGE, the molecular weight of the protein was found to be 64,000. By equilibrium gel electrophoresis in polyacrylamide gradient (4 to 30%) at pH 8.4 in the absence of SDS and the presence or absence of EDTA, a molecular weight of 112,000 was found (Fig. 2) Fig. 3 . The protein showed an unusual absorbance between A300 and A340 and an abnormal A28W,/A260 ratio of 1.05. Bovine serum albumin in the same PB containing 0.005% Tween 80 gave the classical protein absorption spectrum. The specific A280 of P64 was very low, i.e., a solution of 1 mg/ml gave an A280 of 0.33. This observation is in accordance with the low aromatic amino acid content (2.9% of total residues) of P64 (Table 1) . Molecular filtration of P64 dissolved in 50 mM Tris hydrochloride buffer (pH 7.2) containing 6 M urea on Sephadex G-50 (1 by 10 cm) equilibrated with the same buffer did not show any release of low-molecular-weight UV-absorbing material (22) . The spectrum of P64 remained unmodified after this molecular filtration in denaturing conditions and removal of urea by dialysis.
(ii) Sugar content. The phenol-sulfuric acid test gave a total sugar content lower than 0.3% (wt/wt). Pentose content determined with the orcinol reagent was found to be lower than 0.1% (wt/wt). The deoxyribose content determined with the diphenylamine-perchloric acid reagent was lower than 0.3% (wt/wt).
(iii) Incorporation of radioactive palmitate in P64. The presence of a lipidic compound covalently bound to the P64 protein could not be demonstrated. When 3H-palmitate was present during 14 days of growth of BCG in zinc-deficient conditions, the P64 in the culture filtrate was not labeled, as revealed by autoradiography of the SDS gel of the proteins released in the culture filtrate.
(iv) Amino acid analysis. The amino acid composition of the protein P64 is given in Table 1 . This analysis showed that the acidic amino acids (possibly amidated) were more abundant than the basic ones. The ratio of acidic amino acids (and their amides) to the basic amino acids was 1.85. Neither cysteine nor tryptophan was detected in the protein. Aromatic amino acids represented only 2.9% of the total residues.
(v) NH2-terminal amino acid sequence. The purified P64 showed the unique NH2-terminal amino acid sequence AlaLys-Thr-Ile-Ala-Tyr-Asp-Glu-Glu-Ala. This result confirmed the purity of the preparation and indicated that native tetrameric P64 might be made up of four identical subunits.
Cellular origin of the P64 protein.
(i) Comparison of cellular extracts and zinc-deficient culture filtrate. Identical amounts of protein from soluble cellular extract of normal BCG culture and from filtrate of zinc-deficient culture were compared by SDS-PAGE. Fewer bands appeared in the culture filtrate than in the soluble extract. The band corresponding to the 64,000-molecular-weight protein was clearly seen in both samples; the protein amount as estimated by gel scan- (ii) Presence of P64 in cellular extracts. Repeated immunization of rabbits with purified P64 resulted in high levels of antibodies detected by ELISA; the coating antigen was either purified P64 or BCG soluble extract. IgG titers as high as 81,920 were obtained against both antigens. To determine whether the 64,000-molecular-weight protein demonstrated in BCG cellular extract by SDS-PAGE was antigenically similar to P64, the inhibiting capacity of both antigens toward the reaction of a given amount of anti-P64 with its raising antigen as measured by ELISA was tested. Protein P64 strongly inhibited the reaction, even at low concentrations. As little as 0.08 ,ug of purified P64 inhibited 50% of the reaction, whereas 0.93 jig of extract was needed. Thus, we assume that 8.6% of the proteins present in the extract might be identical with P64. This percentage corresponds to that obtained by SDS-PAGE for a protein with an apparent molecular weight of 64,000.
(iii) Distribution of P64 protein in cellular extracts obtained from normal BCG cells. The first two high-speed centrifugation supernatants (Si and S2) of cellular extracts contained 92 and 6%, respectively, of the total P64. Nevertheless, a very small amount of the protein was only solubilized by successive 0.1 and 1% boiling SDS extractions of the pellet. About 1% of the P64 was found in each supernatant of the treated pellet (S3 and S4).
Immunological properties. (i) Antigenic identification of the protein by CIE. A CIE plate with polyclonal anti-BCG immunoglobulins in the upper gel and purified P64 in the circular antigen well is shown in Fig. 4 . The preparation gave a single precipitate line with a mobility corresponding to the slowest moving component of the double BCG antigen 82 peak. To identify the corresponding precipitate line in the BCG pattern, CIE was performed under regular conditions with equal parts of concentrated BCG culture fluid and '25I-labeled P64 in the circular antigen well and polyclonal anti-BCG serum in the top gel (Fig. 5) . The plate after protein staining is shown in Fig. SA . In this preparation of concentrated BCG culture fluid, BCG antigen 82 gave a very characteristic double peak. Autoradiography of the same plate is shown in Fig. SB . Marked staining of the film is seen at the position corresponding to the migrating part of BCG 82, whereas there is considerably fainter but still visible staining of the anodic part of this precipitate line. There was no evidence of inclusion of radioactivity in any other of the precipitate lines after prolonged exposure of the plate to the film (Fig. 5A ). These two experiments showed that P64 corresponds to the protein which gives the slowest migrating peak of the double BCG 82 precipitate. This was confirmed by experiments in which different amounts of purified P64 were incorporated into the intermediate gel.
Indeed, we then observed the formation of a horizontal precipitate line fusing with line 82 which was gradually lifted up in the top gel by increasing the concentration of P64 in the intermediate gel and which finally disappeared without significant influence on the other precipitate lines.
(ii) Humoral antibodies. High levels of antibodies were detected by ELISA in sera of rabbits hyperimmunized with P64; furthermore, priming of guinea pigs with living or heat-killed BCG cells also elicited antibodies to P64 as detected by ELISA. The mean IgG titers to purified P64 obtained before and 46 days after the single injection of normally grown cells, as well as the extreme values of individual responses, are presented in Table 2 . Values for noninjected animals are also given. These control animals showed no titer difference after 46 days, whereas a significant (P < 0.001) rise of antibody levels was observed in sensitized guinea pigs. Mean antibody titers were higher after sensitization with killed BCG cells suspended in Freund incomplete adjuvant than with living BCG. Nevertheless, in both groups, 9 of 12 guinea pigs showed a titer increase of more than twofold dilution. Comparison of erythema diameters and IgG antibody level in individual guinea pigs showed no correlation of the skin reactivity with the humoral (IgG) response. Such an absence of correlation has already been described for other mycobacterial antigens (19) .
(iii) Delayed hypersensitivity reaction. The ability of P64 and PPD-BCG to reveal a delayed hypersensitivity reaction in heat-killed BCG-or living BCG-sensitized guinea pigs was tested. For each condition, three independent experiments were performed. The mean diameters measured in one representative experiment from each sensitization condition are presented in Table 3 . Dose-response curves of P64 were linear and parallel to that of PPD in each type of sensitization. From the combined results of three experiments, the mean relative potency of P64 was estimated to be 1.9-fold (sensitization with living BCG) to 3-fold (sensitization with heat-killed BCG) higher than that of PPD-BCG, corresponding to 32 and 51 tuberculin units per F.g of P64. Six normal, unsensitized guinea pigs were skin tested with antigen P64 and did not react to 1 and 10 t.g. In guinea pigs sensitized with heat-killed BCG, the cutaneous reaction did not appear until 5 h after injection. It remained for 72 h.
DISCUSSION
A protein of 64,000 molecular weight (in denaturing conditions) accumulated in zinc-deficient BCG culture filtrate. The protein was purified with a good yield. The final purified preparation was homogeneous as based on the following criteria. It gave one band in SDS-PAGE, one band in native conditions in PAGE performed to equilibrium on a polyacrylamide gradient, one peak in molecular sieving, a unique NH2-terminal amino acid, and a single precipitate line in CIE.
A major difficulty was encountered in the purification of this protein, because it was usually fragmented in the course of the purification. Good zinc-deficient culture, a quick procedure for purification, and possibly the almost sterile conditions of work overcame this problem. After 1 year at -80°C, the pure preparations remained apparently unchanged.
The protein was present in soluble cellular extracts of normal BCG cells. Comparison by SDS-PAGE of proteins originating from the cellular extract of normally grown BCG cells and from zinc-deficient culture filtrate showed clearly that a major band corresponding to the mobility of P64 was present in both preparations. The distribution study of P64 in cellular extracts showed that about 1 to 2% of the protein remained tightly associated with the pellet. In a previous work, we showed that in zinc-deficient culture conditions, which probably alter its cell wall, M. bovis BCG releases a large amount of P64 (10) . These combined data suggest that this soluble protein is periplasmic. Immunoelectron The protein presented a deviation from the classical UV spectrum of proteins. Such abnormal UV spectra have been reported. For diphtheria toxins, the abnormal spectrum was explained by the presence of noncovalently bound nucleotides (22) ; for P-lactamase of Actinomadura sp. R39, it was explained by the presence of a polydeoxyribonucleotide in the form of a rather stable complex (12) . In the case of P64, results of the sugar analysis do not argue for the presence of nucleotidic material on this molecule. Indeed, the pentose content was found to be lower than 0.1% (wt/wt), and the deoxyribose content was lower than 0.3% (wt/wt). No release of low-molecular-weight UV-absorbing material could be detected by molecular filtration of P64 under denaturing conditions on Sephadex G-50 (conditions known to be able to dissociate nucleotidic material from the diphtheria toxin [22] (25) .
Protein P64 was characterized in regard to its behavior in CIE. It corresponded to the slowest moving component of the double BCG antigen 82 peak. In the study describing the BCG CIE reference system (4), the 82 precipitate appears as a single bell-shaped precipitation line in the pattern of an ultrasonicate, a bacterial press extract, or a culture filtrate. However, in most BCG culture filtrates, this component gave a double peak line. A change probably occurs after synthesis or excretion of the protein into the culture medium, explaining the modification observed in the precipitation line.
On the other hand, priming of guinea pigs with living or heat-killed BCG cells elicited a significant rise of antibodies to P64 and a positive skin reaction. The potency of P64 in guinea pigs sensitized with living or heat-killed BCG was, respectively, two-to threefold that of PPD-BCG.
Further studies of delayed hypersensitivity reactions in guinea pigs sensitized with different species of heat-killed mycobacteria could lead to the recognition of speciesspecific determinants. Since it is not well established whether cell-mediated immune reactions and antibodies are directed against the same or different antigenic determinants of a protein (27) , the specificity should also be studied on the humoral level. In CIE, the precipitate of antigen 82 was modified by incorporation in the intermediate gel of antisera against H37Rv, M. avium, M. duvalii, M. smegmatis, and M. nonchromogenicum but not by antisera against M. phlei, Nocardia asteroides, Corynebacterium pyogenes, and Listeria monocytogenes (17) . Thus, antigen 82 seems limited to mycobacteria. The specificity of P64 has to be assessed by more direct proofs and by the use of more refined material, such as monoclonal antibodies, which would also allow isolation of species-specific determinants. The different rnonoclonal antibodies obtained recently by Gillis et al. (14) , which reacted with a 65,000-molecular-weight protein from M. leprae, should also be tested against P64.
In conclusion, P64 protein, which appeared to be the major soluble protein antigen of BCG, was very immunogenic; it was able to reveal efficiently a delayed hypersensitivity reaction and to promote a significant level of IgG antibody in sensitized guinea pigs. Its possible use as a protective agent and for diagnosis of human tuberculosis will be the object of future work.
It should be noted that a collaborative work has been undertaken to compare P64 and a 64,000-molecular-weight protein expressed in BCG DNA-cloned Escherichia coli (31) . Initial biochemical and immunological results showed that these two proteins might correspond to the same antigen.
